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SYSTEM FOR ADJUSTING SIZE AND SCALE 
OF DIGITAL FILTERS AND CREATING 

DIGITAL FILTERS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention is directed to the ?eld of image 

reproduction, and in particular to processes Which sharpen, 
scale, or rotate digital images. More speci?cally, the inven 
tion relates to a method of adjusting the Width and spatial 
resolution of convolution kernels Which are used as part of 
the operation of sharpening or resampling digital images. 
The invention also relates to creating digital ?lters by 
de?ning a spectrum of the desired ?lter using a large number 
of sample points, performing a Fourier transform on the 
?lter spectrum creating a spatial ?lter and adjusting or 
reducing the siZe of the spatial ?lter. 

2. Description of the Related Art 
This invention has to do With the ?eld of image repro 

duction in general and, in particular With processes Which 
use digital methods to sharpen pictures and to scale or rotate 
pictures. Digital pictures are generally sharpened by con 
volving their pixel values With a digital sharpening ?lter. 
The sharpening ?lters used for this process can come from 
a number of sources, but at the time they are actually applied 
to a picture the sharpening ?lters have generally been put 
into the form of an array of values. 

One common use of digital sharpening ?lters is to alloW 
a user to select a sharpening ?lter Which produces a pleasing 
amount of sharpening for a picture. Applications Which 
perform this operation typically present the operator With a 
control panel Which can be used to set parameter values 
Which are then used to de?ne a sharpening ?lter. Once the 
user has selected a set of ?ltering parameters, the applica 
tions create the desired ?lter and apply it to a copy of the 
picture on the monitor. To make the operation interactive, 
the monitor copy is usually much smaller than the full 
picture. Once the ?lter has been selected, it is then applied 
to the entire picture. 

One problem Which this method of operation entails is 
that the sharpness Which the user sees on the color monitor 
is usually not the same as the sharpness Which comes out on 
a ?nal print. There are a number of reasons for this discrep 
ancy. For one thing the spatial sampling is often different 
betWeen the monitor image and the output picture. It is not 
valid to take the same digital ?lter and apply it to pictures 
having varying sample spacings. A second problem is that 
different devices have different spatial frequency responses. 
The spatial frequency response of a device is given by its 
Modulation Transfer Function (MTF), Which is equal to the 
Fourier transform of the result of imaging a single pixel With 
the device. To appear or look the same, the monitor image 
needs to be corrected for the difference betWeen the monitor 
and output MTF. Arelated problem is that sometimes a user 
Wishes to print the same picture on many different output 
devices. In that case it is necessary to adjust the sharpening 
?lter in such a Way as to alloW for different output MTF’s 
and different output sampling rates. The standard Way of 
compensating for different output MTF’s is to invert the 
output or monitor MTF to produce an MTF Compensation 
(MTFC) ?lter. There are many standard techniques for 
performing this inversion. The MTFC ?lter can then be 
convolved With the enhancement ?lter to produce a com 
pensated enhancement ?lter. 

It is also bene?cial to be able to use input MTF as a basis 
for computing a sharpening ?lter. One Way to do this is to 
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2 
produce an MTFC ?lter for the scanner. The scanner MTFC 
?lter can then be convolved With an enhancement ?lter 
chosen by the user to produce a net enhancement ?lter. 

To have a practical system, it is not enough to be able to 
rescale ?lters or to convolve ?lters together. Both operations 
can make a ?ltering kernel groW arbitrarily Wide. Because of 
time constraints, there is a limit to hoW Wide a sharpening 
?lter can be. Therefore, a practical system Which manages 
sharpness must have a Way to reduce the Width of sharpening 
?lters. 

Current methods for scaling sharpening ?lters or adjusting 
their Widths have certain practical defects. One method is to 
de?ne a ?lter using an equation Which is then used to 
populate a ?ltering array right before applying it to a picture. 
HoWever, using an equation to populate a ?ltering kernel 
Will distort the ?lter if the equation predicts non-Zero values 
beyond the extent of the kernel array. Furthermore, an 
equation for specifying the enhancement or MTFC ?lter 
might not be available to the system at the point Where the 
scaling and Width adjustment need to take place. Another 
common method for computing a ?lter involves specifying 
various ?lter properties in Fourier space such as cutoff 
frequency and pass-band gain and adjusting the ?lter values 
until the properties are satis?ed. Examples of these are the 
Parks-McClellan algorithm used by MATLAB. It Would be 
possible to resiZe a ?lter by taking its Fourier transform, 
computing the properties of the transform, and then using 
those properties to compute a neW ?lter of the desired Width. 
Algorithms of this sort, hoWever, are too complex and 
therefore too sloW to alloW a system to perform the required 
operations as part of an interactive loop. 

For these reasons there is a need for a system Which can 
scale digital ?lters and Which can rapidly adjust their Width 
or the number of entries in the ?lter matrix. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to alloW the 
operator of an image processing system to be better able to 
control the amount of sharpening applied to an image. 

It is another object of the present invention to adjust the 
convolution kernels of a digital ?lter. 

It is an additional object of the present invention to alloW 
the operator to see an image on a monitor With a sharpness 
equivalent to that of the ?nal print. 

It is also an object of the present invention to alloW a user 
to select a sharpening ?lter by observing the effect of the 
?lter on a loW-resolution image and have an equivalent ?lter 
applied to the full picture at a later time. 

It is a further object of the present invention to provide a 
system that maintains system performance alloWing inter 
active ?lter selection and modi?cation. 

It is an object of the present invention to provide an easy 
technique of designing and creating ?lters. 
The above objects can be attained by a system that alloWs 

the operator of an image processing system to be better able 
to control the amount of sharpening applied to an image. The 
system makes it easier to previeW a chosen sharpening ?lter 
on a monitor and by making it easier to combine an input 
and/or output MTF With a user-de?ned sharpening ?lter. The 
invention also alloWs a user to create a sharpening ?lter 
using a loW-resolution version of a picture, and have an 
equivalent ?lter applied to the high resolution version of the 
picture at a later time. The invention achieves these objects 
by providing a fast technique of scaling a digital ?lter and of 
adjusting the Width of a digital ?lter. The technique involves 



6,167,414 
3 

truncating a ?lter and then adjusting the truncated ?lter by 
mixing in linear combinations of a set of basis ?lters in a 
Way Which preserves the linearly de?ned properties of the 
original ?lter. A ?lter also can be created by de?ning a 
spectrum of the ?lter, producing a digital version of the ?lter 
having a large number of sample points and performing a 
Fourier transform on the ?lter spectrum creating a spatial 
?lter. The siZe of the spatial ?lter can be reduced to the 
desired siZe. 

These together With other objects and advantages, Which 
Will be subsequently apparent, reside in the details of 
construction and operation as more fully hereinafter 
described and claimed, reference being had to the accom 
panying draWings forming a part hereof, Wherein like 
numerals refer to like parts throughout. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the hardWare components of a system 
according to the present invention. 

FIG. 2 shoWs the processing steps for a system Which 
enhances sharpness of pictures. 

FIG. 3 shoWs the Fourier transform of a sharpening ?lter 
Which has been scaled by factors of 1/3 and 3. 

FIG. 4 shoWs the steps for scaling a sharpening ?lter. 
FIG. 5 shoWs the Fourier transform of a 15-point sharp 

ening ?lter, and the spectra of tWo 7-point ?lters made from 
the 15-point ?lter. 

FIG. 6 shoWs the steps for adjusting the siZe of a sharp 
ening ?lter. 

FIG. 7 shoWs the Fourier transforms of a set of basis 
vectors used in reducing the siZe of a 7-point ?lter. 

FIG. 8 shoWs a device modulation transfer function 
(MTF) for a printer. 

FIG. 9 shoWs the Fourier transform of a device compen 
sation ?lter. 

FIG. 10 shoWs the Fourier transform for a typical sharp 
ening ?lter. 

FIG. 11 shoWs a reduced compensated sharpening ?lter. 
FIG. 12 depicts an attenuation function. 

FIG. 13 illustrates a ?lter creation process. 

FIG. 14 depicts a trapeZoid function used in ?lter design. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention alloWs the user of a digital image 
processing system to be able to see the effect of a digital 
?lter on a monitor and knoW that a picture printed With that 
?lter Will have the same amount of sharpness. It further 
alloWs a user to select a sharpening ?lter by observing its 
effect on a loW-resolution image and have an equivalent 
?lter applied to the full picture at a later time. It does this in 
a Way Which does not compromise the performance of the 
system. 
A typical color image processing system 10 according to 

the present invention, as illustrated by FIG. 1, includes a 
scanner 12, or other input device such as a CD ROM, Which 
provides an input image to a computer 14, such as a 
conventional desk top type personal computer. The input 
image is displayed on a conventional monitor 16 and the 
user through an interface such as a keyboard 20 or mouse 

(not shoWn) selects a digital sharpening ?lter to apply to the 
input image. The interface can also be used to specify the 
spectrum of a ?lter during ?lter design or creation. The 
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4 
sharpening ?lter is applied to the image and displayed on the 
monitor 16, alloWing the user to assess the appropriateness 
of the ?lter. If a different sharpness effect is desired, the user 
can change the parameters of the ?lter or select a different 
?lter. Once the desired image is obtained, it is output to a 
printer 18 or other suitable output device. 

The computer 14 also includes appropriate storage, such 
as RAM, ROM, hard disk, ?oppy disk, optical disk, etc., 
suitable for storing the processes of the present invention on 
a computer readable storage medium and distribution as 
computer program products to customers. The processes can 
also be distributed to customers over a netWork, such as the 
Internet. 

During the process brie?y described above, the process 
ing steps depicted in FIG. 2 are performed by the computer 
14. FIG. 2 shoWs the processing steps for a system Which 
adjusts image sharpness. Apicture 32 is ?rst scanned 34 into 
the system. Once the picture has been put into digital form 
as a digital picture 36 it is displayed on a monitor. To alloW 
the user to see the full picture, it is resampled 38 to create 
a loWer-resolution vieW picture 40, Which is small enough to 
?t onto the monitor 16. In some cases, the vieW picture 40 
might be sent over a Wide area netWork to a remote user Who 

Would select the sharpness enhancement ?lter. The vieW 
picture is then convolved 42 With the ?lter after the ?lter is 
compensated for the input and monitor MTF’s and displayed 
44 on the user’s monitor. At this point, the user can eXamine 
the picture and determine 46 if it is acceptable. If the 
sharpness of the picture does not look right, the user can 
select 48 an enhancement ?lter 50 by adjusting various 
parameters, such as by making adjustments on a graphical 
user interface control panel through slides, etc. The system 
then creates 52 a composite ?lter Which combines the 
user-selected enhancement ?lter With the MTFC ?lters, 
applies that ?lter to the vieW picture and displays the result. 
The user can then eXamine the result and continue to adjust 
the enhancement ?lter until satis?ed. At that point the 
system can produce 54 a composite ?lter suitable for con 
volving 56 With the resampled 57 digital picture 36 and 
printing as the ?nal output picture 58. This ?nal step could 
take place Within the user’s application. It could also be done 
by a different application running at the site Where the 
original high-resolution picture data Was located. 

For both the user selection loop (see step 52) and the ?nal 
output path (see step 54), the creation (52/54) of the com 
posite ?lter requires the same sub-steps. The ?lters are 
resampled to the proper resolution, in the case of the 
enhancement loop the enhancement ?lter 50 is resampled 64 
to the vieW resolution and in the case of the output path the 
?lter 50 is resampled 62 to the output resolution. NeXt, the 
device ?lters (in this case the scanner ?lter 59) used are 
resampled (see 60 and 66) to the proper resolution. Then, the 
?lters are conventionally convolved together. In the case of 
the enhancement loop the monitor ?lter 68 is convolved 70 
With the scanner ?lter 59 and in the output path the scanner 
?lter 59 is convolved 72 With the printer ?lter 70. Finally, the 
siZe of the resulting composite is adjusted (see 74 and 76). 
The resealing or resampling steps make sure that each 

?lter has the appropriate sample spacing. Because the ?lters 
are all in digital form, the resealing or resampling needs to 
make use of digital resampling methods. One knoWn method 
of resampling digital data is to compute the neW value at 
each point by applying a digital resampling ?lter to the old 
data. For a system Which is using this same method for 
scaling or rotating pictures, it is particularly convenient to be 
able to use the same method for scaling sharpening ?lters. 
One problem in using this method for sharpening ?lters is 
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that decreasing the sample spacing introduces neW high 
frequencies Which Were not de?ned in the original digital 
?lter. Aproperly de?ned resampling ?lter Will send or force 
the value at those neW frequencies to 0. This is reasonable 
behavior When resampling a picture, but is not the right thing 
to do When resampling an enhancement ?lter. For a sharp 
ening ?lter it is preferred to extend (or add back) the older 
high frequency out into the range of the neW frequencies. 
This Will be described in more detail With respect to FIG. 4. 

FIG. 3 shoWs the Fourier transform of a sharpening ?lter 
before and after it Was rescaled by the present invention. The 
light solid line 90 shoWs the transform of the original ?lter; 
the heavy solid line 92 shoWs the transform of the ?lter after 
it has been scaled by a factor of 1/3 according to the 
invention; and the dotted line 94 shoWs the transform of the 
?lter after it has been scaled by a factor of 3 according to the 
present invention. 

FIG. 4 shoWs the steps in scaling or resampling the ?lter 
(38, 57, 60, 64 or 66). First, the DC components of the ?lter 
are computed 102. If the scale factor is determined 104 to be 
greater than 1, the invention computes and removes 106 the 
highest frequency component of the ?lter. For all scale 
factors, the ?lter is resampled 108 using a digital resampling 
?lter. At this point the adjusted ?lter has a high-frequency 
component of 0. After the adjusted ?lter is resampled, it still 
has a high-frequency component Which is nearly 0, because 
the resampling ?lter is designed to suppress all frequencies 
above the original Nyquist frequency. If the scale factor is 
determined 110 to be greater than 1, the invention computes 
112 a neW high frequency component and restores the high. 
frequency component to the ?lter using the neWly computed 
value. Then, a neW DC value is computed 12 and restored to 
the ?lter producing the rescaled ?lter 116. 

The step (106) of computing the high-frequency compo 
nent is done by combining the ?lter With an analyZing 
function: 

HFVector=saWtooth*rampHF (1) 

HF = Z filter(i) * HFvecr0r(i) (2) 

The saWtooth function is a conventional function that alter 
nates betWeen 1 and —1, and has the value 1 at its center. The 
ramp HF function is a ramp function that starts at (1+1/ 
center)/2, rises linearly to 1 at its center, and falls linearly 
back to its starting value. The reason for multiplying the 
saWtooth function by a ramp function is to cause the value 
HF to include contributions from near the Nyquist fre 
quency. Taking out or removing the high frequency compo 
nent of step 106 is done by subtracting HF from the center 
point of the ?lter. Similarly, putting back or restoring the 
original high-frequency component of step 112 is done by 
adding the difference betWeen the old and resampled high 
frequency values to the center point of the resampled ?lter. 

The ?nal step (114) of the resealing process is to restore 
the original DC value to the ?lter. This step takes place for 
all scale factors. The adjustment is made by adding in a 
small amount of a normaliZed ramp function: 

?nalFilter=adjustedFilter+DCError*ramp, (3) 

Where DCError is the difference betWeen the DC value for 
the original ?lter and the DC value of the scaled ?lter. The 
ramp function is a ramp function that starts at 0, proceeds 
linearly to a maximum value at its center and then falls 
linearly back to 0. It is normaliZed so that its DC value is 1. 
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6 
After all ?lters have been rescaled, they can be combined 

into a composite ?lter. The step of combining the ?lters 
together is just a conventional convolution: 

CompositeFilter= 
MonitorMI‘F@ enhancementFilter® ScannerMTFC (4) 

The ?nal step in producing a ?nal composite ?lter is to 
reduce its Width (see 74 and 76) to a value Which is 
appropriate to system requirements. Reducing the siZe of a 
sharpening ?lter takes a certain amount of care. FIG. 5 
shoWs What can happen if a ?lter is simply truncated. The 
solid line 122 shoWs the Fourier transform of an original 
15-point sharpening ?lter. The dashed line 124 shoWs the 
transform of a 7-point ?lter Which consists of the central 7 
points of the original ?lter. The spectrum of transformed 
?lter 124 looks like a blurred version of the spectrum of the 
original ?lter 122. This is not surprising; truncating in the 
spatial domain is equivalent to convolving With a sinc 
function in the frequency domain. Note also that the loW 
frequencies have generally been greatly diminished; this is 
consistent With the fact that the reach of the ?lter is smaller. 
The dash-dot line 126 shoWs the ?lter adjusted according to 
the current invention. This ?lter mostly preserves the loW 
frequency properties of the original ?lter. Although the tWo 
?lters are not identical (Which is, in any case, impossible) 
pictures created With both ?lters shoW good visual agree 
ment. 

The process of reducing the siZe of a sharpening ?lter 
comprises iteratively interactively reducing the ?lter siZe by 
2 until the desired siZe is reached. FIG. 6 shoWs the steps in 
reducing the siZe of a (N+2)-point sharpening kernel or ?lter 
130 by tWo points. The ?rst step is to truncate 132 the ?lter 
by removing the tWo end points producing a truncated ?lter 
134. Next, a determination is made 136 as to Whether the old 
end points Were 0, if so, this is enough and the n-point ?lter 
138 is produced. OtherWise, the neW ?lter must be adjusted. 
The ?rst adjustment is to preferably but optionally attenuate 
140 the end points of the neW ?lter. This is done to help keep 
the neW ?lter smooth and Well-behaved. The neW endpoints 
are multiplied by the attenuation factor: 

altenFaclor : l — 
centeril 

Z |0ldFiller(i)| 
[:1 

In the case Where the end-point of the old ?lter is 0, the 
attenuation factor Will be 1. 
The next set of operations involve readjusting the short 

ened ?lter by mixing in a set of basis vectors as de?ned in 
the equation beloW. 

adjusledFilter : (6) 

NBGSK'S 

(l + coefo) * attenuatedFiller + Z coefb * basisvectorb 
17:1 

The choice of the basis vectors Will be discussed in more 
detail beloW. The important thing about them is that there are 
enough of them to alloW for some ?exibility in hoW the ?lter 
is adjusted. 

HoWever, before performing the mixing, the property 
values of the old or original ?lter need to be computed 142 
from a set 144 of property vectors. 
The coefficients are chosen or determined, as discussed in 

detail beloW, so that the neW ?lter comes as close as possible 
to preserving various properties. The properties are de?ned 
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by a set of property vectors 146 Which are used to compute 
148 the property values for the neW ?lter. The property 
vectors 146 are also used to compute 150 the property values 
for the basis vectors Which Will be mixed in. 

Property}, : Z filter(i) * PropertyVectorP(i) (7) 
1 

The property vectors correspond to various meaningful 
properties of the ?lter, such as the DC value of the ?lter and 
the value at the Nyquist frequency. They Will be discussed 
in more detail beloW. Because the computation of the 
properties is linear, the property values of the adjusted ?lter 
can be expressed as a linear combination of the coef?cients: 

NBGSK'S 

adjustedPropertyP : attenuatedPropertyP + Z M p’b * coefb, 
17:0 

(3) 

Where the matriX M is de?ned by property values of the basis 
vectors and by the property values of the attenuated ?lter: 

attenuatedProperty p = Z attenuatedFilter(i) * propertyVectorp(i) (9) 
1 

attenuatedProperty p for b = O 

Mpyb : Z basisb(i) * propertyVectorp (i) for b > O 

The coefficient values are chosen or calculated 152 to 

minimiZe the error function, subject to a constraint: 

error: 5 weight},* (oldPropertyP — adjustedPropertyj,)2 (10) 
i + 

NBasis 

The purpose of the constraint is to keep the coefficients 
small, so that the adjusted ?lter is almost the same as the 
attenuated ?lter. The constraint coefficients as adjusted are 
computed by Cb=(1+b)2. This causes the coef?cients for the 
later basis functions to be constrained more than those of the 
earlier basis functions. The Weight values are adjusted to 
give the more important properties more Weight. The nor 
maliZation by the square of the old property value is 
intended to alloW for the fact that the different properties 
have different scales. The constant A is set to 0.01. Because 
the error function is a quadratic function of the coef?cients, 
it can be minimiZed using standard linear regression tech 
niques: 
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Where 

weightp (l2) 
i>l<Mbp>kMb/p forbib’ : ‘J A+ oldPropertyf7 ' ’ 

p 
A / : 

b’b weightp 
i>l<Mb’p*Mb/p +Cb forb=b’ : ‘J A+oldPropertyf7 ’ 

p 

weightp [d d d i * M * (0 Pro ert —a 'uste Pro er 
A + oldPropertyf7 [W p yp ] p 01 

For an N point ?lter there are 1+(N+1)/2 basis vectors 
154. In the preferred implementation they are de?ned as 
folloWs: 

basisl : spike (13) 

basisz : ramp 

l/Z for i : center 

basis2+n(i) : —l /4 for i : center i n 

0 otherwise 

FIG. 7 shoWs the spectra of the four basis vectors 162, 164, 
166 and 168 and the DC component 170 used for N=7. 

The basis vectors are used to compute 156 (see FIG. 6) an 
adjusted ?lter as a linear combination of the truncated ?lter 
and the basis vectors. 

The property vectors 144 correspond to ?lter properties 
Which it is important to try to preserve as the ?lter siZe 
changes. Each property is associated With a particular Weight 
Which corresponds to that property’s relative importance. 

In the preferred implementation the properties are: 

DC propertyVector1(i) = 1 
Curvature at DC propertyVector2(i) =ramp(i)*(i— 

center)2 
High Frequency propertyVector3(i) = ramp" 

sawtooth 
E frequencies propertyVector4(i) = spike 

The ramp function is again conventionally de?ned as a ramp 
Which starts at 1/center, rises linearly to 1 at its center, and 
then falls back linearly to 1/center. The saWtooth function 
alternates betWeen 1 and —1. It is 1 at its center. The spike 
function is 0 everyWhere eXcept at the center, Where it is 1. 

There is an additional step in computing the property 
vectors. For each stage of the truncation process, the prop 
erty vectors for that stage are miXed in With the center N 
points of the property vectors for the previous stage: 

(14) propertyVectorWpo‘m) —> i 

(Npoints ) property Vector; (N?pmm) i + N * propertyVector 

N + 1 

The purpose of this miXing is to make the transition from 
one truncation stage to another less abrupt. 

One good set of values for setting the Weights are as 
folloWs: 
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DC 1000 
Curvature at DC 80 
High Frequency 50 
E frequencies 100 

For the case Where N=5 points, the last tWo Weights are 
preferably reduced by a factor of 3; for the case Where N=3, 
the last tWo Weights are preferably reduced by a factor of 20. 

The ?nal step 158 in the Width adjustment is to adjust the 
shorter ?lter to retain the DC value of the original ?lter. 
Because one of the properties used in making the adjustment 
is the ?lter’s DC value, and because that property is given 
a high Weight, this ?nal adjustment Will be small. The 
adjustment is made by adding in a small amount of a 
normalized ramp function: 

?nalFilter=adjustedFilter+DCError*ramp, (15) 

Where DCError is the difference between the DC value for 
the original ?lter and the DC value of the adjusted ?lter. The 
ramp function here starts at 0, proceeds linearly to a maxi 
mum value at its center and then falls linearly back to 0. It 
is normalized so that its DC value is 1. 
An example of MTF compensation using the present 

invention Will noW be discussed. FIG. 8 shoWs a device 
modulation transfer function (MTF) for an HP scanner, 
Which is a popular desktop scanner. The symbols 182 
indicate measured values for the MTF. The solid line 184 
shoWs the Fourier transform of a 15-point Wide array Which 
Was derived from the measured MTF values as folloWs: 

1. Re?ect the measured values around the center point to 
get a 29-point symmetric function. 

2. Take the Fourier transform of the symmetric spectrum 
to get a 29-point spatial function. 

3. Use the method described herein to produce a 15-point 
Wide version of the spatial function. 

FIG. 9 shoWs the Fourier transform 186 of a device com 
pensation ?lter derived from the measured MTF data. This 
?lter Was derived using the folloWing steps: 

1. For each measured value compute an MTF compensa 
tion value using the formula: 

This function is almost the reciprocal of the MTF 
function. The constant prevents too much ampli?cation 
of very loW frequency values. In the ?gure, the value 
for o is 0.12. 

2. Re?ect the MTFC values around the center point to get 
a 29-point symmetric function. 

3. Take the Fourier transform of the symmetric spectrum 
to get a 29-point spatial function. 

4. Use the method described herein to produce a 15-point 
Wide version of the spatial function. This ?lter is a 
device compensation ?lter. 

FIG. 10 shoWs the Fourier transform for a typical sharpening 
?lter. This particular ?lter Was designed for an image 
resolution of 300 cycles/inch or about 14 Cycles/MM. Curve 
188 in FIG. 10 shoWs this sharpening ?lter. Curve 190 shoWs 
the same sharpening ?lter after it has been rescaled to the 
resolution of the input scanner. FIG. 11 shoWs the Fourier 
transform of the sharpening ?lter after the device compen 
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10 
sation ?lter has been applied to it. The original sharpening 
?lter 192 is a 7-point ?lter. The compensation ?lter is a 
15-point ?lter so the convolution of the tWo ?lters is a 
21-point ?lter 194. FIG. 11 shoWs the same compensated 
sharpening ?lter but as a ?lter 196 reduced to 7 points using 
the method described herein. 
The present invention can also be applied to scaling or 

interpolation type ?lters. To see hoW the interpolation ?lters 
are to be adjusted it is helpful to review the Way they are 
used. An interpolation ?lter typically resamples a picture by 
?rst resampling the roWs of a picture, and then resampling 
the columns. It interpolates a one-dimensional data set as 
folloWs. Suppose picture(i) represents a line of data. Sup 
pose resampleFilterphaSe represents a set of interpolation 
?lters in Which there are nphase ?ltering kernels, each of 
Which are N points Wide and Where a good value for nphase 
is 64. The act of interpolation requires the computation of 
neW picture values for some set of non-integer position 
values. Let neWpicture(x) be the interpolated picture and 
suppose that X approximately equals i+p/nphase, Where i is 
a integer grid point and p is a non-negative integer less than 
phase. Then, the neW values are calculated as folloWs: 

newPicmre (i + p/nphase) : (17) 

N 

Z resampleFillerp (k) * picture(i + k — N / 2) 
/<:1 

One Way of understanding this equation is to construct a 
composite sharpening ?lter from the interpolation ?lters: 

(18) 

Note that With this de?nition Composite is de?ned on the 
same grid as the original picture. Also the normalization by 
phase means that if each of the interpolation ?lters sum to 1, 
Composite Will also sum to 1. With this de?nition, the neW 
picture is given by: 

Composite(i—p/nphase)=resampleFilter[,(i)/nphase 

(19) newPicmre(i + p / nphase) : 

l 

nphase 

N 

Z C0mp0site(k — p/phase) * picture(i + k — N/ 2) 
/<:1 

or, adopting the convention that non-grid values of picture 
are 0, 

1 (2O) 

nphase 

N 

newPicmre(x) : Z C0mp0site(y) * picmre(x + y — N/ 2) 
y:0 

With this de?nition the neW picture is equal to the convo 
lution of the old picture With the composite ?lter, and the 
Fourier transform of the neW picture is equal to the old 
transform times the transform of the composite ?lter. 

There are various constraints on the resampling ?lters 
Which derive from these relationships. One important con 
straint is that the composite ?lter has to be smooth. If this is 
violated artifacts can result. Consider, for example, the case 
Where some amount of resealing is performed on a picture 
before sending it to a half-tone output device. If the scale 
factor is just right (or just Wrong) the value of p can vary at 
a frequency Which is about the same as the half-tone 
frequency of the output Writer. This situation can, in turn, 
convert even small discontinuities in the composite ?lter 
into noticeable beat type artifacts. 
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A second important constraint involves the symmetry of 
the ?lters. Flipping the input picture around any of its grid 
points should result in an interpolated picture Which is also 
?ipped. This consideration leads to the following relation 
ship for p=1,2, . . . nphase-1: 

resampleFilterp(i)=resampleFilter (N+1—i) (21) nphaseip 

For the Zero-phase ?lter, the symmetry requirement implies 
the stricter requirement: 

resampleFilter0(N)=O (22) 

resampleFilter0(i)=resampleFilter0(N—i)fori==N (23) 

The symmetry requirement means that the last point of the 
composite ?lter de?ned above is alWays 0, so that the 
composite ?lter can be thought of as a symmetric ?lter 
having N*nphase—1 points. 

The ?nal constraint is on normaliZation. Both the com 
posite function and the individual resampling kernels must 
sum to 1. 

The process of adjusting a resampling ?lter can thus be 
broken doWn into the folloWing steps: 

1. Construct a composite ?lter. 

2. Adjust the scale or Width of the composite ?lter. 
3. Re-create the bank of resampling kernels from the 

composite ?lter 
4. Modify the resulting kernels in order to enforce the 

constraints 
Because the composite ?lter is a type of sharpening ?lter, the 
techniques for adjusting the Width of sharpening ?lters could 
be applied to the composite ?lter. Unfortunately, the com 
posite ?lter is a great deal Wider than a typical sharpening 
kernel, so these techniques could be time-consuming. On the 
other hand, the transform of the composite ?lter is a good 
deal simpler than the transform of a typical sharpening ?lter. 
It starts at 1 for its DC value, remains at about 1 until it gets 
near its cut-off frequency, and then goes to 0, Where it 
remains. Therefore, a simpler technique is as described 
beloW is possible. 

The method described herein reduces the composite ?lter 
by 2*nphase points at a time. Thus, it reduces the resulting 
resampling kernels by 2 points at a time. It takes the points 
equally off of both ends. After the truncation step it reduces 
the nphase points at each end of the neW, shorter ?lter so that 
they go smoothly to 0. It does this by subtracting the end 
point value multiplied by an attenuation function from each 
end. This attenuation function preferably has the folloWing 
properties: 1. It goes from one to Zero; 2. It has Zero slope 
at each end; and 3. It has Zero curvature Where it meets the 
middle part of the ?lter. The purpose of the conditions is to 
make sure the resulting ?lter stays smooth. 

One Way to compute an attenuation function 202, as 
illustrated in FIG. 12, With all three properties is as folloWs: 

i - 1 (24) 

After the end points of the neW composite ?lter have been 
attenuated, it is adjusted to sum to 1.0. This is done by 
subtracting a normaliZation ?lter or function from the com 
posite: 

gap=EComposite-EneWComposite (26) 

neWComposite—>neWComposite+gap *ramp (27) 
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12 
The ramp function, as in previous uses mentioned herein, 
starts at 0, goes linearly to a peak value, and then falls back 
doWn to 0. It is normaliZed to sum to 1. The reason for 
normaliZing by addition rather than by division is to modify 
the composite more at the center than at the ends, a prefer 
able characteristic. 
Once the composite has reached its ?nal siZe, it is broken 

apart into individual resampling kernels. At that point the 
individual kernels must be normaliZed so that each of them 
sum to 1. This has to be done carefully to avoid creating 
discontinuities in the composite ?lter. This can be done as 
folloWs: 

1. Construct a ramp function of the same siZe and sym 
metry as the composite. NormaliZe the ramp to 1. 

2. Break apart the ramp function into a set of normaliZa 
tion functions normp using the same procedure as for 
creating the individual resampling kernels. 

3. Use the function normp to renormaliZe the individual 
resampling ?lters: 

resampleFilter[,—>resampleFiIterp+(1 . . . 

O-EresampleFilterF *normp (28) 

Scaling a resampling ?lter is similar. The ?rst step is to 
form the composite and scale it. Since the composite ?lter is 
supposed to be Zero at the highest frequencies, it is not 
necessary to take eXtra steps to preserve its high-frequency 
behavior. In general, the scaling operation Will change the 
Width of the composite ?lter. Therefore, it may also be 
necessary to adjust its Width. 
One reason to Want to rescale a resampling ?lter is as a 

Way of precisely placing the cutoff frequency corresponding 
to an existing set of interpolation ?lters. When an interpo 
lation ?lter is used to reduce the siZe of a picture, the cutoff 
frequency should ideally be placed at the scaled Nyquist 
frequency of the picture. Because this value for the ideal 
location of the interpolation cutoff frequency depends on the 
scale factor, it could not be knoWn at the time the interpo 
lation ?lters Were created. For this reason an available set of 
interpolation ?lters might not have the ideal cutoff fre 
quency. In other Words, it could happen that a set of ?lters 
is needed for a scale factor Which is slightly different than 
the scale factors associated With any of the available choices. 
One Way to compute the needed resampling ?lters is to take 
a choice Which is close to the scale factor desired and scale 
that interpolation ?lter by the ratio of the available scale 
factor to the desired scale factor. 

The sharpening ?lters described up to noW have been 
separable ?lters. HoWever, it is also possible to apply these 
techniques to unsharp masking type ?lters as long as the 
blurring ?lter used to compute the unsharp mask is sepa 
rable. USM-type ?lters can often be preferable to separable 
?lters because the separable sharpening ?lters discussed 
herein before can produce diagonal artifacts if they are used 
to produce a lot of sharpening. The reason is as folloWs. The 
tWo-dimensional ?lter produced by applying a one 
dimensional ?lter f to a picture’s roWs and then columns 
takes of the form: 

F2(Xyy)=f(X)*f(Y) (29) 

The Fourier transform of F2 is also equal to the product of 
the transform of f With itself. On the horiZontal or vertical 
frequency aXis this means the transform of F2 is the same as 
the transform of f, since it is being multiplied by the DC 
value of f, Which is 1. HoWever, for diagonal frequencies the 
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transform of F2 can be huge. In particular, on the 45° line, 
the transform of F2 is the square of the transform of f, so a 
modest frequency boost for the one-dimensional ?lter may 
not look at all good on a picture. 

One Way of avoiding this problem is to use ?lter descrip 
tions of the ?lter Which are inherently tWo-dimensional. 
HoWever, applying a fully tWo-dimensional ?lter to a picture 
takes more time. In general, applications are constrained by 
processing time, so having a faster ?ltering algorithm gen 
erally means that the application can make use of a larger 
?ltering kernel. Thus, using a tWo-dimensional description 
Will not necessarily lead to better pictures. 
An approach to the problem is to use an unsharp masking 

type ?lter. This technique includes applying a separable 
blurring ?lter to the picture, and then take a linear combi 
nation of the blurred picture With the original picture. In 
other Words 

OutputPicture=C0*fy@ fx@ InputPicture+C1*InputPicture, (30) 

Where fx and fy are one-dimensional ?lters applied to the 
columns and roWs, and CO and C1 are constants. This leads 
to a tWo-dimensional ?lter given by: 

Where spike2 is a function Which is 1 at (0,0) and Zero 
everyWhere else. In Fourier space the transform of the 
tWo-dimensional ?lter is related to the one-dimensional 
transforms by: 

Where the operator i”; indicates the Fourier transform. If the 
coef?cient values CO and C1 are chosen or calculated in such 
a Way that the Fourier transform of f is roughly betWeen 0 
and 1, the Fourier transform of F2 Will stay at a reasonable 
siZe. 

Given a desired one-dimensional ?lter, there are an in? 
nite number of choices for the coefficients CO and C1. One 
method to use is to choose the coef?cients in such a Way that 
the spectrum of the resulting one-dimensional ?lter is 
alWays betWeen 0 and 1. Suppose you start With a one 
dimensional ?lter f0. Then the coef?cients can be de?ned as 
folloWs gs: Let 

fmin=min(‘5(fD)) (33) 

DC=EfU (35) 

Then, the coef?cients can be computed by: if 

ADC z fmm (36) 

C1=fmin Cu=(fmax—fmin) (37) 

else 

C1=fmax Cu=(fmin—fmax) (3s) 

and then compute the one-dimensional ?lter by: 

Note that the DC value for the resulting one-dimensional 
?lter f is betWeen 1/2 and 1. The problem With this method is 
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14 
that it requires a Fourier transform, Which can be time 
consuming. An alternative is to compute fmin and fmax 
from the minimum and maximum values of a square-Wave 
transform of f0. A square Wave transform is close enough to 
a cosine transform so that the minimum and maximum 
values obtained from the square Wave transform Will be 
about the same, so that the Fourier transform of f Will only 
be slightly negative and only someWhat greater than 1. 

In the case of an anamorphic ?lter the computation is 
modi?ed-to alloW for the fact that the horiZontal and vertical 
?lters are different. One Way to do this is by basing fmin and 
fmax as the minimum and maximum of the transform values 
for both ?lters. Doing this means that both the resulting 
horiZontal and vertical ?lters Will have transforms Which are 
betWeen 0 and 1. 

To scale a ?lter Which has been put into decomposed 
form, it is only necessary to scale the one-dimensional ?lters 
While leaving the coefficients alone. This is because scaling 
the spike function leaves it unchanged. 

Adjusting the Width of a decomposed sharpening ?lter 
kernel is dome With the folloWing procedure: 

1. Compute the net one-dimensional ?lters. 
2. Adjust the Width of those ?lters. 
3. Recompute the decomposition from those. 

This is preferable to shortening the decomposed one 
dimensional ?lters because the shortening method does not 
try to keep the spectrum betWeen 0 and 1. 

Composition is more complicated because the composi 
tion of tWo ?lters in decomposed form Will not, in general 
have that form: 

(CIA*CUB)*(?cB*£vY)+(C1A*C1B)*Spi-ke2 (40) 
In order for Fzcompome to be formally equal to a decomposed 
function, the sum of ?rst three terms of the ?nal expression 
need to be equal to the product of tWo ?lters, Which Will not 
be true generally. Therefore, to combine the tWo ?lters, the 
tWo-dimensional convolution needs to be approximated With 
a decomposed ?lter. One Way to do this starts by creating 
one-dimensional ?lters Which are equal to the horiZontal and 
vertical sums of the composite ?lter 

fax) = Z Ffompm (x. y) (41) 
y 

Fm) = Z Ffompm (x. y) (42) 

The one-dimensional functions fx and f have Fourier trans 
forms Which equal the transform of Fzcyomposite on the X and 
y axes. The ?nal composite can then be computed by basing 
a decomposition on fx and fy. The process described herein 
for adjusting the siZe of ?lters can also be used as a tool for 
creating ?lters. This is because it is easy to create a Wide 
?lter having a given spectrum. A method producing ?lters is 
depicted in FIG. 13. The ?rst step is to de?ne 220 a desired 
spectrum over a large grid of points. For the types of spectra 
Which can be reasonably represented With practical ?lters a 
64-point grid is appropriate. Next, the spectrum is converted 
222 into a spatial ?lter by Fourier transforming it. Then, the 
siZe of the resulting spatial ?lter is reduced using the 
techniques described herein. Of course, not every spectrum 
can be reasonably represented by a small ?ltering kernel. 
The ?lter needs to not have many sharp transitions in its 
spectrum. There are Ways of conditioning the initial data to 
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make sure that it can be represented reasonably Well. One 
approach is to convolve the initial spectrum With a smooth 
ing ?lter Whose Width depends on the ?nal desired ?lter siZe. 
Another technique is to multiply the initial spatial ?lter by 
a Gaussian or similar function. This suppresses side-lobes 
and has the effect of smoothing the spectrum. 

In the case of resampling ?lters both techniques can be 
used. As described earlier herein, a set of resampling ?lters 
corresponds to a single composite ?lter. The spectrum of the 
interpolated picture is equal to the spectrum of the input 
picture times the spectrum of the composite. Thus, ideally 
the composite’s spectrum should be 1 Where the frequencies 
of the picture should be preserved and 0 Where they should 
be suppressed. In addition, the composite itself cannot be 
aliased. The original picture has a cutoff frequency of 

1 (43) 
E’ 

Where aX is the sample spacing; the scaled picture has a 
cutoff frequency of 

scaleFaclor (44) 

2A): 

Thus, the cutoff frequency for the composite is: 

min(l, scaleF actor) (45) 
2A): 

The spectrum of the composite ?lter should be 1 beloW this 
frequency and 0 above it. Of course, no ?nite digital ?lter is 
going to folloW this requirement exactly; for an actual ?lter 
the fall-off Will be gradual and there Will be overshoot and 
undershoot above and beloW the transition. It is preferable to 
come as close to the required shape as possible for a given 
number of ?lter points. 

One method for creating a N-point resampling ?lter starts 
by creating the composite ?lter for a No-point ?lter. 
Preferably, NO is set to 64. The initial composite has 
N0*nphase—1 points. The frequency corresponding to the 
i’th point, normaliZed to the picture sample rate is given by: 

i- 1 (46) 

nphase 
frequency(i) : 

Because the composite is real and symmetric, its spectrum 
must also be real and symmetric. For the initial spectrum it 
is preferred to use a trapeZoid function 232, as depicted in 
FIG. 14, having the desired cut-off frequency and a Width 
Which depends on the desired ?lter siZe. The initial Width of 
the transition is related to the intended siZe by: 

M1411]. <47> 

The location of the transition 234 of the function in FIG. 14 
depends on the intended scale factor and on hoW much 
aliasing is tolerable or desired in the scaled output pictures. 
The initial estimate is smoothed out by taking a running 
three-point average, and then performing a Fourier trans 
form. The resulting spatial ?lter is then multiplied by a 
conventional Gaussian smoothing function Whose Width is 
equal to df. This initial composite is reduced in siZe and then 
normaliZed as described herein. 
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As an eXample of using this method to generate a sharp 

ening ?lter, consider the folloWing method for computing an 
N-point sharpening ?lter from a small number of spectral 
values. The method starts by de?ning a NO-point spectral 
?lter Where NO is an odd number much larger than N. It does 
this using the folloWing steps: 

1. Create neW spectral values by ?ipping the speci?ed 
values so that the set of sample points are symmetric 
and periodic over the normaliZed frequency interval 
—0.5 to 1.5. 

2. Interpolate the values to create a symmetric NO-point 
spectrum. 

3. Perform a Fourier transform to get an initial NO-point 
spatial ?lter 

The siZe of this initial ?lter can noW be reduced to the 
desired Width using the techniques described previously 
herein. As a ?nal step a decomposition of the N-point ?lter 
can be created to get a ?nal ?lter. 
The present invention has been described With respect to 

using the invention for visual image ?ltering, hoWever, the 
invention can also be used for audio and other types of 
?ltering Where digital ?lters are used. A ramp function has 
been used in a number of different instances in the compu 
tations described herein and a function such as a Gaussian 
function could instead be used. The basis vectors used for 
the siZe reduction could be other sets of functions that span 
the space of possible ?lters. The property vectors used in the 
siZe reduction could also be linear expressions of other ?lter 
properties Which might be important for a given application. 

The many features and advantages of the invention are 
apparent from the detailed speci?cation and, thus, it is 
intended by the appended claims to cover all such features 
and advantages of the invention Which fall Within the true 
spirit and scope of the invention. Further, since numerous 
modi?cations and changes Will readily occur to those skilled 
in the art, it is not desired to limit the invention to the eXact 
construction and operation illustrated and described, and 
accordingly all suitable modi?cations and equivalents may 
be resorted to, falling Within the scope of the invention. 

Reference Number List 

10 System 
12 Scanner 
14 Computer 
16 Monitor 
18 Printer 
32—76 Process steps 
90 Filter 
92 Transformed ?lter 
94 Scaled ?lter 
102—116 Process steps 
122 15 point transform 
124 7 point transform 
126 Adjusted ?lter 
130—158 Process steps 
164,166,168 Basis vectors 
170 DC component 
182 Measured values 
184 Fourier transform 
186 Fourier transform 
188 Sharpening ?lter 
190 Rescaled ?lter 
192 7 point ?lter 
194 21 point ?lter 
196 Reduced ?lter 
202 Attenuation function 






